An improved understanding of the effects of floating solar platforms on the ecosystem is necessary to define acceptable and responsible real-world field implementations of this new marine technology. This study examines a number of potential effects of offshore floating solar PV platforms on the hydrodynamics and net primary production in a coastal sea for the first time. Three contrasting locations within the North Sea (a shallow and deeper location with well-mixed conditions and 5 a summer-stratifying location) have been analysed using a water column physical-biogeochemical model (GOTM-ERSEM-BFM). The results show strong dependence on the characteristics of the location (e.g. mixing and stratification) and on the density of coverage with floating platforms. The overall response of the system was separated into contributions by platform shadow, shielding by the platforms of the sea surface from wind, and friction induced by the platforms on the currents. For all three locations, platform shadow was the dominant effect on the net primary production. For the two well-mixed locations, 10 the other effects of the platforms resulted in partial compensation for the impact of platform shadow, while for the stratified location, they enhanced the effects of platform shadow. For up to 20% coverage of the model surface with platforms, the spread in the results between locations was relatively small, and the changes in net primary production were less than 10%. For higher percentages of coverage, primary production decreased substantially, with an increased spread in response between the sites. The water-column model assumes horizontal homogeneity in all forcings and simulated variables, also for coverage with 15 floating platforms, and hence the results are applicable to very large-scale implementations of offshore floating platforms that are evenly distributed over areas of at least several hundreds of square kilometres. To confirm these results, and to investigate more realistic cases of floating platforms distributed unevenly over much smaller areas with horizontally varying hydrodynamic conditions, in which phytoplankton can be expected to spend only part of the time underneath a farm, spatial detail and additional processes need to be included. To do so, further work is required to advance the water-column model towards a 3D 20 modelling approach.
Introduction
With a growing world population and growing global energy demand, new options need to be explored to generate energy.
While traditional fossil fuels emit carbon dioxide and other harmful gases which cause global temperature to rise, renewable forms of energy offer a sustainable alternative that can remediate climate change. Two of the most promising sources of renewable energy are the sun and the wind. Wind farms are built both onshore and offshore, but utility scale photovoltaic (PV) 5 solar farms are until now installed only on land. Growing space constraints, higher land costs, increased public resistance and competition with other functions will ultimately set a limit to the potential of onshore solar development, especially in densely populated areas. Such constraints may be less relevant at sea, and offshore solar energy generation has huge potential.
Large scale floating solar farms already exist inshore and are rapidly being developed all around the world (da Silva and 10 Branco, 2018). The effects of these structures on the ecosystem have been discussed mainly for standing water environments (Santafe et al., 2014; Sahu et al., 2016; da Silva and Branco, 2018) . These studies argue that (inshore) floating platforms decrease the evaporation rate and increase water quality by reducing primary production due to the shadowing effect of the platforms. However, these studies did not investigate these effects in detail. The potential of offshore solar energy has recently been highlighted in several policy roadmaps in The Netherlands, and the world's first demonstration of an offshore solar farm 15 of 50 Kw is expected to be operational by the beginning of 2020 (https://www.reuters.com/article/netherlands-solar-offshore /dutch-plan-to-build-giant-offshore-solar-power-farm-idUSL8N1Q46M0), stressing the need to investigate potential environmental effects.
At sea only a few small scale tests have been carried out with floating PV concepts (Trapani and Millar (2012) ; Grech et al. 20 (2016); swimsol.com/#lagoon, oceansun.no). There are substantial differences between offshore and inshore environments caused by stronger winds, higher waves, and the presence of tides which causes the water column underneath the floating platforms to be constantly replaced. Moreover, the water motion induced by wave and tidal processes suspend sediments, which affect the under-water light climate and consequently net primary production (Wetsteyn and Kromkamp, 1994) . Offshore floating platforms have the potential to influence these processes. Hence, the effects of such platforms on marine ecosystems are 25 expected to be different from those in standing (fresh) water, and require separate investigation. As yet, there are no studies that considered the possible environmental effects of offshore floating platforms on the marine ecosystem.
This study investigates the potential effects of large-scale arrays of offshore floating platforms on the ecosystem of coastal seas such as the North Sea, adjacent to The Netherlands. The North Sea is a relatively shallow marginal sea (average depth 30 74 m) of the Atlantic Ocean. It is located between the continent of western Europe and the United Kingdom, and covers an area of about 570.000 km 2 (Otto et al., 1990) . The hydrodynamics of the North Sea are controlled by tides, winds and buoyancy gradients. In the shallower regions of the southern bight of the North Sea, tidal currents are strong and wind waves can cause substantial near-bed wave-orbital velocities, resulting in well mixed conditions during the whole year (Sundermann and 2 https://doi.org/10.5194/os-2019-81 Preprint. Discussion started: 1 August 2019 c Author(s) 2019. CC BY 4.0 License. Pohlmann, 2011; Pickering et al., 2012) . In deeper areas further to the north, tidal currents are weaker and wave effects rarely reach the sea bed, allowing temperature stratification during summer (van Leeuwen et al., 2015) . Such stratification limits vertical exchange of nutrients and determines the timing of the spring bloom (Sverdrup, 1953; Ruardij et al., 1997) . We hypothesise that offshore floating platforms will modify currents, waves and stratification, and primary production. The platforms will cast shadows under water, reducing heat input and likely affecting temperature stratification. We also expect reductions 5 in under-water light intensity to affect phytoplankton growth. The friction of the rigid platforms with the tidal currents and shielding of the water surface from the wind are expected to result in weaker currents. The platforms can also be expected to have an impact on waves. Changes due to these forcings will affect turbulence and the resulting vertical mixing, suspended sediment and nutrient concentrations, and phytoplankton growth.
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Here, we assess three contrasting locations in the North Sea for which time-series observations of hydrographic and biological quantities are available: a shallow and a deeper well-mixed site, and a summer-stratified site. We focus on changes in net primary production induced by the effects of floating platforms on the physical environment. In absence of field observations with floating platforms present, we used a water-column model to obtain first estimates of the potential effects of covering part of the sea-surface area on hydrodynamics and net primary production. This model allowed for easy development and testing of 15 the implementation of the effects of the floating structures on light (shading), wind forcing (shielding) and currents (platform friction).
The following research questions are addressed in this paper: 20 1) What is the overall potential effect of floating platforms on the net primary production at different locations in the North Sea as a function of coverage density?
2) What is the relative importance of the individual effects of platform shadow, wind shielding and platform friction? 
Study sites and observations
Three study sites were selected for which time-series observations of hydrographical and biogeochemical variables were 30 available, with contrasting hydrographic conditions: Oyster Grounds (54.41 N, 4 .02 E), Noordwijk (52.301 N, 4 .303 E) and
West Gabbard (51.9895 N, 2.08983 E) (figure 1). Oyster Grounds is located at 45 m depth, and stratifies every summer between April and October (Tijssen and Wetsteyn, 1984) . It is characterized by relatively low tidal current velocities, low suspended At the three study sites, time-series observations were collected using SmartBuoys deployed by the Center for Environ-5 mental Fisheries and Aquaculture Science (Cefas) (www.cefas.co.uk/publications-data/smartbuoys). SmartBuoys are moored, automated, multi-parameter recording platforms which are used to collect marine environmental data. They measure, at 1 m below the sea surface, salinity, temperature, turbidity, oxygen saturation, chlorophyll fluorescence and nitrate and silicate concentration. Data were collected in 10-minute bursts; here we have used daily averages. The buoys also collected and preserved water samples which were used to calibrate the sensor data. For this study, we used observations from the following years: As inclusion of phaeocystis without a riverine nutrient source led to spurious interannual variations, it was excluded from the calculations. 20 GOTM-ERSEM-BFM was modified to allow representation of the effects of the floating platforms on the hydrodynamics and ecosystem dynamics of the water column. The model accounted for the platforms through the introduction of three individual effects that can be activated separately or together: the shadow of the platforms, shielding of the water surface from the wind and the friction of the platforms acting on the currents. The implementation allowed for variable platform coverage as a fraction of the model surface. As the model represents averaged conditions over a unit surface area at each depth interval, it 25 can not distinguish between different ways of distributing this coverage over the unit surface area, and for the purpose of this study we assume the coverage to be distributed uniformly in space. The shadow of the platforms and the wind shielding effects were expressed by a linear reduction of surface irradiance and surface wind stress with coverage. The frictional effects of the platforms on the currents was represented, in similarity to the bottom friction, by an additional surface shear stress that was calculated with the logarithmic law of the wall, applied as a linear function of coverage. For mathematical expressions of the 30 implementation of the floating structures, see Appendix A. In absence of design details of operational systems, the roughness of the platforms is as yet not known, and may also vary during deployment due to biofouling. As a first approximation, the roughness height of the floating structures was assumed equal to that of the sea bed (h 0s = 0.05 m). A series of experiments with varying values of h 0s between 0.0125 and 0.4 m was carried out to provide insight into sensitivity of the model results to this parameter. Apart from coverage, this was the only parameter associated with the addition of floating platforms to the model. A sensitivity analysis of other parameters is beyond the scope of this paper, and the reader is referred to section 3.1 for a comparison with observations.
Model description

Implementation of platforms
Model setup and initial conditions 5
For each site, a water-column model was set up with 40 vertical levels with increased resolution near the surface and bottom.
Time steps were 300 s for the hydrodynamics, and 3600 s for the biology. Site-specific values for the porosity of the sea bed, the light-extinction factor for suspended sediment (the contribution to the light-extinction coefficient by suspended sediment is this factor multiplied by the suspended sediment concentration), and salinity were defined based on observations (table 1) . As the water-column model is a closed system that conserves nutrient mass, it can only reproduce observations if the total amount 10 for each nutrient integrated across all ecosystem components reflects the average amount present in the vicinity of the site. In absence of direct observations of the amounts of nutrients in all ecosystem compartments, we tuned the initial concentrations of nitrate, silicate, phosphate and detritus in such a way that the model results, after a spin-up period of 26 years, matched the observed biogeochemical data as well as possible for each site. Because for two of the three sites only a few years of observations were available, and differences between years had to be accounted for in the tuning process, we did not have enough 1.5 10 5 6 10 5 1.8 10 5
Model experiments
The For silicate and nitrate the agreement between model and observations was better for the locations of Oyster Ground and West Gabbard than for Noordwijk (see also Table 3 ). For chlorophyll-a, the model reproduced the seasonal cycle at the three sites, but underestimated the high concentrations during the spring bloom at West Gabbard and Noordwijk (figure 2). These 5 locations are characterised by frequent blooms of phaeocystis (Blauw et al., 2010) (excluded from the model, see Section 2.2). 3.2 Sensitivity of net primary production to coverage
Comparison between locations
To compare the effect of floating platforms between the three locations (research question 1), the relative change in net primary production was plotted as a function of coverage (Figure 3) . The response was different at each of the three locations, but all sites showed, with increasing coverage, a limited reduction in net primary production followed by an accelerated reduction 5 leading to a complete collapse of net primary productivity. Taking all sites together, three ranges of coverage can be distinguished. From 0% to approximately 20% coverage the difference in response between the three locations was relatively small.
Also, the impact of the floating platforms on net primary production was relatively small (less than 10% reduction), while for West Gabbard even a small increase was simulated. Within this range of coverage, the two well-mixed locations appeared more resilient to the effects of the platforms than the stratified location of Oyster Grounds. From roughly 20% to approximately 10 40% coverage an increased spread in the results occurred between the three sites. Beyond approximately 40% of coverage, the net primary production at the two well-mixed locations sloped down rapidly, indicating collapse of the ecosystem. A similar collapse at the Oyster Grounds occurred later, at 60-80% coverage. These results suggest a different response for the stratified than for the two well-mixed locations. The two well-mixed locations appeared more resilient to small percentages of coverage, while they experienced an earlier ecosystem collapse.
The resilience of the well-mixed locations for small percentages of coverage with floating platforms can be explained by the migration of their spring bloom towards the sunnier summer months (Figure 4 ) and by the compensating effect of decreased surface suspended sediment on irradiance ( Figure 5 a,b) . In contrast, the timing of the spring bloom at the stratified location of 5 Oyster Grounds, which is known to coincide with the onset of stratification (Ruardij et al., 1997) , did not change substantially for coverage up to at least 60% (Figure 4c ). Considering irradiance near the surface (Figure 5a ), for small percentages of coverage, a weaker reduction of subsurface irradiance occurred at the two well-mixed locations in response to a stronger reduction of suspended sediment at the surface (figure 5b), which allowed more light to penetrate the water column. The change in surface suspended sediment concentration with coverage followed the behavior of subsurface eddy diffusivity (figure 5c) in accordance 10 with theory, as lower values of eddy diffusivity result in less upward mixing of suspended sediment (Burchard et al., 1999) .
For the two well mixed locations the change in eddy diffusivity was caused mainly by the effect of friction of the platforms on the currents. The friction of the platforms resulted in decreased vertical velocity gradients in mid layers and thus reduced shear stress and turbulence, while the pattern was opposite near the surface where turbulence increased. The depth of the layer of increasing turbulence increased with coverage. Thus, the subsurface layers experienced a decrease in eddy diffusivity for 15 low percentages of coverage and an increase for higher levels of coverage ( figure 5c ). For the Oyster Grounds location, where tidal currents are weaker, the effect of wind shielding was more important. There, the reduction of wind forcing resulted in a gradual decrease of turbulence and eddy diffusivity over the whole water column.
The later ecosystem collapse for high percentages of coverage at the Oyster Grounds location can be explained by the 20 effect of the platforms on stratification. Figure 6 shows the time-averaged vertical profile of net primary production (a) and displacement of the net primary production maximum that is located below the surface mixed layer ( figure 6a ). Due to its shift towards the surface and hence towards the light, the subsurface maximum of time-averaged net primary production (which happened mainly in summer) increased, while a reduction of time-averaged net primary production occurred within the surface mixed layer (which happened during the spring bloom). Above 60% of coverage, insufficient light reached the thermocline in summer, and the net primary production maximum observed at the stratified location of Oyster Grounds disappeared. The 5 collapse of the net primary production maximum was accompanied by an increase of net primary production within the surface mixed layer, observed even for 90% of coverage with floating platforms. This explains the later ecosystem collapse for this location. 
Contributions to changes in net primary production by separate processes
To compare the importance of the individual effects of the floating platforms (platform shadow, wind shielding, platform friction) (research question 2) the response of net primary production to the different effects is presented in figure 7 . Platform shadow was the dominant effect for all three locations. For the two well-mixed locations (figure 7 a and b) platform friction increased primary productivity, resulting in an overall effect that was smaller than the individual effect of platform shadow. In 5 contrast, for Oyster Grounds, the impact of the platform shadow effect was enhanced in particular by wind shielding (figure 7c).
Reduced mixing resulting from wind shielding blocked a later onset of stratification and spring bloom that would otherwise be caused by the effect of platform shadow (decreased buoyancy input), and thus prevented the partly compensating effect of a later spring bloom on net primary production that occurred at the well-mixed sites.
Roughness of the platforms
To assess the uncertainty introduced by the assumed value of the roughness height of the platforms (h 0s =0.05 m), and to evaluate the potential importance of the platform design and maintainance, model runs were conducted for different values of 5 h 0s . For coverage up to 20%, the difference was small for all sites (Figure 8) . At the well-mixed sites (panels a,b), for higher levels of coverage (>40%), the range of values of platform roughness showed a spread in the impact of the floating platforms on the net primary production equivalent to a difference of approximately 10% in coverage, by modifying the eddy diffusivity, and thus the suspended sediment concentration near the surface. For the Oyster Grounds location (panel c) and coverage levels higher than 60%, the increase in roughness height compensated the impact on net primary production to some extent. This 
Discussion and conclusions
The direct and indirect effects of floating platforms on net primary production have been analysed for three contrasting locations in the North Sea using a water-column model, showing overall reductions for increasing levels of coverage. Three response regimes were identified. In regime 1 (less than approximately 20% coverage), the three locations were relatively re- The water-column model assumes a 'unit' horizontal extent and spatial homogeneity, not only in terms of the oceanographic and biogeochemical properties but also in terms of coverage with floating platforms. As the spatial homogeneity assumption implies having the same conditions into infinity, it is not immediately clear how the water-column model results can be related 5 to solar PV farms of a finite extent. We can, however, provide a rough estimate of a minimum spatial scale needed to start to approximate spatial homogeneity. To obtain equivalent (changes in) primary production conditions as simulated by the watercolumn model, phytoplankton, which are transported by the tides, would need to spend a significant amount of time underneath a farm of a certain size (longer than they can chemically buffer solar energy photosynthesized before they were advected into or out of the farm area). Hence, we could take the tidal excursion length as a measure of minimum horizontal size corresponding (Table 4 ). For solar PV farms smaller than this 15 length scale, the modelled reductions in net primary production presented here may be over-estimates, and simulations with spatially resolved models are needed to obtain more accurate results. A similar argument holds if substantial residual currents are present in addition to tides. We also note that the results presented here are based on the assumption that platforms are distributed homogeneously in space. Estimates of potential modulations of the current results that may be induced by inhomogeneous distributions of platforms in space can only be made with spatially resolved models.
20 These first model simulations have ignored a number of physical and biological processes that should be considered in further work. The implementation of PV-coverage with a 1DV model does not allow for a realistic representation of the spatial configuration of a solar power plant, the characteristics of which (e.g., the distance between platforms, service lanes) could result in a different response of the ecosystem. Moreover, wave-platform interactions and their effects on the mixing of the water column and the resuspension of sediment have been ignored in this study. To account for these processes in further work, simulations with three-dimensional models are needed. Also, additional ecosystem components could be considered in a three-dimensional model, such as phaeocystis in areas with high nutrient loads, and growth of hard-substrate flora and fauna on the platforms. It may also be possible that there are effects on atmospheric properties and air-sea exchange. 5 We used three contrasting and relatively data-rich locations in the North Sea for this first study to illustrate the effects of floating platforms on net primary production. The differences in the response between the sites indicate that studying new locations will add valuable information. The study focused on the response of the marine (eco)system to floating platforms in terms of water-column structure and net primary production, but other quantities with indicator qualities should also be considered in further work, such as changes in sediment transport, disturbance of the balance of organisms, and the integrity of the sea bed 10 in terms of biomass, species composition and biogeochemical functioning. A good next step would be an examination of the effects of floating platforms with a local fine-resolution 3D model. The water-column model as presented here can, despite its limitations, be used as a test bed to support further work.
This first study was carried out as an exploratory investigation of potential effects and mechanisms, and has elucidated the 15 principle response of the ecosystem. Extreme care should however be taken to use the results for specific planning purposes, and in principle further investigations should be carried out for specific cases. However, as a rough rule of thumb, in absence of better data/models/knowledge, adopting the precautionary principle, and disregarding other effects and criteria that were not considered here (e.g., ecosystem variables other than net primary production, impact on waves, impact of biofouling on the biogeochemistry, specific spatial distribution of floating structures within a farm, acceptable levels of impact, political and 20 planning considerations, etc.), we recommend that real-world field implementations of floating infrastructure in the marine environment should not enter regimes 2 (too uncertain) and 3 (significant disturbance). This implies that, according to our results, coverage density should not exceed approximately 20% for farms of a size in the order of magnitude of the local tidal excursion length or larger. We also advise that for general and individual cases 'acceptable' levels of impact are defined and motivated, and further work is carried out to improve understanding of environmental effects of floating (solar PV) platforms, 25 or any other large floating infrastructure in the marine environment, in general and for specific cases.
Appendix A. Mathematical implementation of the floating structures
The incident radiation with floating strucures is given by with I 0 the incident radiation without platforms, and C the coverage fraction a number between 0 and 1. The surface wind stress with floating structures is given by
with τ w the surface wind stress vector without platforms. The surface shear stress by floating structures, according to the logarithmic law of wall, is given by 
